Inferior turbinate reduction (ITR) is a commonly performed procedure for the treatment of nasal obstruction. Which portion of the inferior turbinates should be surgically addressed to improve nasal airflow has yet to be determined.
I nferior turbinate reduction (ITR) is one of the most commonly performed procedures for the surgical treatment of nasal obstruction. A number of turbinate reduction techniques are available, and turbinate resection is often combined with other nasal airway procedures. Some authors even recommend addressing the inferior turbinates as a first-line procedure before considering other surgical treatment options when addressing nasal obstruction. 1 The inferior turbinates (IT) extend the full length of the nasal cavity and contain bony and soft tissue components. The soft tissue components include an epithelial layer overlying venous sinusoids and seromucinous glands.
2 The inferior turbinate is thought to play an important role in modulating nasal airflow, and the impact of inferior turbinate hypertrophy nasal airflow and nasal resistance has been well demonstrated in the literature. Using acoustic rhinometry and a subjective rating scale, Morris et al 3 demonstrated a correlation between subjective nasal obstruction and the cross-sectional area of anterior aspect of the inferior turbinate. Several computational fluid dynamics (CFD) studies have demonstrated a clear relationship between increased inferior turbinate soft tissue volume and increased nasal resistance. 4, 5 Using CFD, Wexler et al 6 simulated the effects of unilateral IT reduction (ITR) by performing a virtual soft tissue reduction of 2 mm on only 1 IT using a healthy individual's magnetic resonance imaging. They noted a significant reduction in nasal resistance on the side with the IT volume reduction. Normal healthy nasal models have demonstrated that most nasal airflow occurs along the inferior and middle nasal cavity with only a small amount of nasal airflow occurring along the superior nasal cavity. 5, [7] [8] [9] [10] [11] [12] [13] [14] There are little objective data examining the effectiveness of various degrees and locations of turbinate resection. Although turbinate reduction is a very commonly performed procedure, there is little consensus on how much and which portions of the turbinates should be resected to achieve optimal outcomes. Because the internal nasal valve is located in the anterior nasal cavity, a commonly held belief is that the anterior aspect of the IT contributes more significantly to nasal resistance than the posterior IT. Limited CFD and in vivo studies did suggest that narrowing in the anterior aspect of the nasal cavity had a larger impact on nasal resistance than narrowing the middle or posterior aspects of the nasal cavity. [15] [16] [17] For these reasons, the anterior one-third or one-half of the inferior turbinate is commonly targeted for surgical reduction. Unfortunately, this belief has not yet been rigorously examined, and it is difficult to objectively predict changes in nasal airflow as a direct result of surgical manipulation of nasal airway architecture.
In this study, CFD analysis was used to assess the effects of inferior turbinate resection on nasal airflow. The goal was to assess airflow after simulating turbinate reduction along different portions of the inferior turbinate in an attempt to better understand the functional role of the different regions of the IT.
Methods
Institutional review board approval was obtained for the study from Upstate Medical University and Thomas Jefferson Hospital. Participants provided written informed consent and they were not compensated. Five maxillofacial computed tomography scans (CT) belonging to 5 separate individuals were selected for this study. All patients' CT scans demonstrated no sign of septal perforation and had a varying degree of inferior turbinate hypertrophy and septal deviation. The CT scans were obtained at a range of 0.33-mm to 0.625-mm thickness, with pixel sizes ranging from 0.39 mm to 0.47 mm.
The scans were used to create 3-dimensional nasal models in Amira (Amira 5.0, Visage Imaging Inc). Nasal airways were segmented from surrounding sinonasal soft tissue. Maxillary, ethmoid, sphenoid, and frontal sinuses were not included as part of the nasal airway model. The nasal airway inlets were bilateral nostril openings and the nasal airway outlet was located in the nasopharynx below the level of palate.
Using Amira, 6 additional geometric models were created to simulate various locations and degrees of ITR for each CT scan. The nasal airway segment boundary was virtually expanded to simulate submucosal removal of IT soft tissue without disturbance of IT bone boundary seen on CT scans. On average 1.5-to 2.5-mm thickness of IT soft tissue volume was removed along the medial and inferior aspects of the inferior turbinates. The axial length of inferior turbinates were determined based on CT scan-the distance between the first to the last slice showing the IT. The lengths of IT were then divided into 3 equal anterior-to posterior-length segments to represent partial one-third ITR. Using this information, the anterior one-third model had just the anterior one-third of bilateral IT addressed. Similarly, the middle one-third and posterior one-third models had only the middle and posterior onethird reduced, respectively (Figure 1) . By combining the boundaries of the one-third models, two-thirds IT reduction models were created. The anterior two-thirds model consisted of combining the anterior one-third and the middle one-third boundaries with unaltered posterior one-third IT. The posterior two-thirds model was created by combining the middle one-third model and the posterior one-third model boundaries with unaltered anterior one-third of IT. For all one-third and
Key Points
Question Which portion of inferior turbinate reduction (ITR) is most effective to improve nasal airflow?
Findings Based on computational fluid dynamics analysis of 5 patients, full-length ITR consistently had the best nasal airflow improvement. For partial-length ITR, the optimal locations varied for each patient.
Meaning In a nasal airway surgery, reducing the full length of inferior turbinate likely provides the most consistent improvement in nasal airflow; for partial ITR, the site of reduction should be individualized to account for the wide variability in the inferior turbinate anatomy. two-thirds models, to avoid unnatural abrupt contour changes in IT, IT contour was smoothed out to create a natural transition zone immediately anterior and posterior to the experimental region of interest. Finally, full-length IT reduction models were created by combining the anterior one-third, the middle one-third, and the posterior one-third boundaries. Once all the nasal models were created, tetrahedral prism meshes were created in ICEM (ANSYS) following the technique previously reported. [18] [19] [20] Each nasal model consisted of 110 000 to 250 000 nodes and approximately 610 000 to 800 000 mesh elements ( Figure 1 , Figure 2 , and Figure 3 ). Although mesh independence was not directly examined in this study, the current study followed the exact same meshing protocol of our previous studies where mesh independence checks were shown to be sufficient to accurately capture the flow phenomena of interest. [18] [19] [20] Fluent was then used to complete CFD analysis with following conditions: laminar, steady, pressure inlet at nostril plane of 15 Pascal (Pa), pressure outlet at pharynx of 0 Pa, nonslip boundary. [18] [19] [20] This pressure drop of 15 Pa was chosen to simulate restful breathing, a state that is most relevant to patients' symptoms during routine daily life. Previous experimental study also confirmed that nasal airflow at restful breathing flow rate is mostly laminar. 8 Once CFD analysis was completed, total flow rate was obtained for each nasal model (Supplement). because the total flow rate was simulated under a fixed pressure drop, it reflects an inverse relationship to nasal resistance. Therefore, high flow rate indicates low nasal resistance, and vice versa.
For each turbinate reduction model, the volume of turbinate tissue reduced was calculated. Although the equallength turbinate segments were selected in each model, the amount of volume reduction was slightly different in each model. For example, the volume of turbinate reduction in the anterior one-third model was different from the middle onethird model and the posterior one-third model. This was owing to variations in the amount of soft tissue present along the different IT segments. To control for differences in volume reduction in the different models, we calculated flow change per unit volume change. The goal was to better assess for the location-specific effects of partial turbinate reduction by accounting for the volume change differences in the various models. This value, flow change per unit volume change (FCPUVC) was calculated using the following equation for each model: (altered model flow rate − unaltered model flow rate)/ (altered model nasal volume − unaltered model nasal volume).
Results
The Supplement summarizes the overall values for nasal airway volume separated by left and right nasal cavity and the total nasal cavity volume, which combines the left and right nasal cavity with the nasopharynx volume. In regression analysis, a strong relationship (R 2 ≥0.79) was identified in all patients ( Figure 4 ). This suggests that volume reduction of IT was generally associated with an increase in nasal airflow and corresponding decrease in nasal resistance. This can be seen as an increase in total airflow and the positive percent change of airflow compared with the control model in the Supplement. We analyzed the location-specific effect of ITR by compensating for the differences in the IT volume being reduced using FCPUVC (Supplement). This value demonstrated how much the flow rate changed per unit volume of IT that was re- duced specific to that location. When looking specifically at only partial one-third ITR models, different portions of the IT had varying degrees of efficacy in improving airflow. As such, anterior one-third ITR was not consistently the location of the highest efficacy as is commonly believed by clinicians. For patients 1 and 4, posterior one-third ITR was the most effective, whereas for patient 2, it was the middle one-third ITR. For patients 3 and 5, the anterior one-third ITR was most effective.
For patients 1, 2, and 3, when each nasal cavity side was analyzed separately, certain partial ITR locations led to a decrease in nasal airflow, suggesting that the partial ITR worsened airflow on that particular side (Supplement). In fact, the site of most effective partial ITR in the same individual differed from 1 side to the other.
In further analysis of the location-specific effect using FCPUVC, simply removing more volume did not always lead to greater efficacy in improving airflow when comparing the one-third length ITR models to two-thirds lengths ITR models. For patient 2 and patient 4, middle one-third ITR was more effective per unit volume reduced in improving the airflow than the respective two-thirds ITR models (Table) . Importantly, in all patients, full length ITR models consistently had the highest FCPUVC values, suggesting full length ITR had the highest efficacy in improving nasal airflow compared with all partial ITR models. A, Regression analysis of 5 patients. For every 1 mL of inferior turbinate volume reduced, total nasal airflow increased by the following factor: in patient 1 by 13.97 mL/s; in patient 2 by 6.07 mL/s; in patient 3 by 9.84 mL/s; in patient 4 by 25.9 mL/s; in patient 5 by 24.27 mL/s. B, regional flow change per unit volume change (FCPUVC) significantly correlated with regional resistance percentage (r = 0.67, P < .001).
Evaluating Inferior Turbinate Reduction Techniques
Original The contribution of the anterior, middle, or posterior onethird of the nasal airway to the total nasal resistance prior to ITR was calculated based on regional pressure drop and can be predictive of which section of partial ITR is more effective (eTable 2 in the Supplement). For example, patient 4 had greater resistance from the posterior one-third of nasal airway, and posterior one-third ITR reduction was most effective. In contrast, patient 5 had greater nasal resistance from the anterior one-third of the nasal airway, and anterior onethird ITR was most effective. As summarized in the Supplement, 10 of 15 most effective partial ITR locations were successfully predicted by analyzing the baseline regional resistance in the control model. Figure 4B shows regional FCPUVC significantly correlated with regional resistance (r =0 . 6 7 , P < .001).
Discussion
In recent years, there have been many advances in the instrumentation and techniques available for inferior turbinate surgery. Despite these advances, a clinical challenge is deciding the extent and location of ITR. An often used rule of thumb is that ITR should focus on the anterior aspects of the inferior turbinate because this is near the internal valve region, although this concept has not yet been rigorously validated. Virtual nasal airway modeling affords the ability to simulate virtual surgery from imaging studies, and CFD analysis allows the ability to mathematically predict nasal airflow.
Results from this study suggest that there is not a consistent relationship between the region of turbinate reduction and the degree of airflow improvement. There appears to be variability among different individuals in terms of the portions of the inferior turbinates that have the largest impact on nasal airflow. Therefore, consistently focusing on only one portion of the inferior turbinate during ITR may not lead to the most effective improvement in airflow. For example, as seen in patient 4, the more severe posterior obstruction of the nasal airway related to severe hypertrophy of the posterior inferior turbinate seemed to outweigh the rule of thumb (Figure 3 ). In this particular patient, the models demonstrated that reduction of the posterior portion of the IT had the greatest impact on airflow. This finding shows that each patient may have a specific location along the IT that is contributing to a greater or lesser degree to the airflow. In some patients, anterior IT can be the greatest contributing location to nasal obstruction, whereas in other patients, it may be the posterior IT or the middle IT.
The results of this study suggest that the changes in airflow in response to surgery are variable and depend on patients' individual anatomic factors. This corresponds to the principle of conservation of mass in that all air molecules that enter the nose must exit the nose. Thus, if a specific location along the IT is more hypertrophic and causes that particular section of the nasal cavity to be further narrowed, this will lead to a greater decrease in nasal airflow in that specific location. As such, universally treating only 1 specific location along the IT in all patients may result in suboptimal results because other portions of the IT that were left untreated may be contributing to nasal airflow obstruction. These factors should be thoroughly examined preoperatively in an attempt to gain a more complete understanding of each patient's individual anatomy. Such anatomic factors may not always be obvious on preoperative evaluation, but assessing for and finding these factors may allow surgeons to plan more effectively.
The data from this study also suggest that full-length ITR results in the most consistent, significant increase in airflow, as suggested by the highest location-specific effect value, FCPUVC, which allowed compensating for the differences in the ITR volume reduced. This seems logical because fulllength ITR would ensure that all potentially obstructing segments of inferior turbinates are addressed.
Data from the models in this study indicate that in all patients, there exists a strong linear relationship (R 2 ≥0.79) between flow rate and nasal volume. Increase in nasal airway volume through IT soft tissue volume reduction was associated with increase in total airflow rate, regardless of the location of the reduction. However, in patients 1, 2, and 3, when each individual side in the same patient was analyzed, certain partial ITR led to worse airflow, suggesting that partial ITR in certain anatomical configurations of the IT may lead to worsening of airflow despite the improvement in nasal volume. Although there appears to be a general relationship between overall volume and flow, it is important to emphasize that each portion of the turbinate may have drastically different effects in terms of nasal resistance (Table) (Supplement). In addition, the region of the turbinate with the most significant effect on airflow is variable from 1 person to the next.
The contribution of regional nasal airway anatomy to the total nasal resistance prior to ITR may be predictive of which section of ITR is more effective. The surgical approach should be personalized for the unique nasal anatomy of each patient to maximize the effect. The fact that full ITR was consistently most effective after adjusting for the volume of turbinate tissue resected seems to indicate that the entire length of the IT has an important functional impact on nasal airflow.
It is also important to keep in mind that there is much variation in the absolute amount of volume increase that can be achieved with different surgical procedures. The inferior turbinates occupy a large portion of the nasal airway, and the amount of volume increase that can be obtained by ITR may be much larger than the volume increase that can be achieved with other surgical procedures. Therefore, ITR could have a Abbreviation: ITR, inferior turbinate reduction.
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Evaluating Inferior Turbinate Reduction Techniques larger effect on nasal airflow than other surgical procedures. For example, nasal valve surgery might provide a large increase in airflow per unit volume change, but the absolute amount by which the nasal airway volume might be increased with valve surgery is small. On the other hand, turbinate reduction may achieve a much larger volume change, resulting in a larger overall increase in nasal airflow. Future studies analyzing the delicate interactions between different components of internal nasal valve, nasal septum, and other portions of the nasal airway may be of benefit to expand our understanding of resultant regional airflow pattern changes from nasal airway surgery maneuvers. In addition, it is important to remember that overall nasal flow rate and resistance do not provide a complete picture of nasal airflow physiology. Similar flow or resistance numbers can result in different regional air flow patterns. These functional implications are not yet fully understood.
Limitations
Limitations of this study include the small data set and the lack of clinical correlation. Although definitive conclusions cannot be drawn from an analysis of 5 patients' CT scans, the data obtained in this study suggest that there is variability in terms of which segment of the inferior turbinate has the greatest effect on nasal resistance and airflow. Future studies with more patients will help to further clarify this relationship. It is important to also note that the models created in this study focused on fairly conservative resection of the soft tissue portion of the turbinates. More aggressive resections may result in unpredictable changes in airflow and were not the focus of this study. [21] [22] [23] [24] The data presented are objective flow and volume values without corresponding subjective findings. This is a limitation, but the main goal of this study was to provide some objective data that may help guide surgical decision making. Surgeons will need to use a combination of objective and subjective assessment to decide on the optimal treatment plan for patients with nasal airway obstruction.
Conclusions
Full-length inferior turbinate procedures result in a significantly greater increase in flow rate change per unit volume reduced, compared with partial length ITR. This appears to be a consistent relationship even in patients with significantly different inferior turbinate sizes. It is problematic to use a rule of thumb to know which partial length procedure is likely to have a larger impact. The impact of partial-length procedures likely depends on individual anatomy. If a certain portion of the inferior turbinate is severely hypertrophic and has a higher regional resistance, that portion may be the rate-limiting area in terms of nasal obstruction and limiting airflow. It may not matter that this portion of the turbinate is along the anterior or posterior portion of the turbinate. These individual anatomic factors need to be closely evaluated for patients undergoing inferior turbinate surgery. These findings seem to indicate that the full length of inferior turbinate (not just the anterior head) is functionally important in treating nasal obstruction. What are the factors that influence our surgical decision making in functional nasal airway surgery? Certainly, we rely on individual patient symptoms, medical history, and physical examination to help us determine the specific interventions that we believe will most benefit our patients. However, there is undoubtedly a great deal of variability in the specific approaches or techniques that we use. Our surgical decision making is based on our prior training, personal experiences, and in many cases, surgical dogma that has been passed down to us from mentors or conferences that we have attended. Unfortunately, surgical dogma is often pervasive but lacking in evidence or data to support it. With the emphasis on evidence-based medicine and patient outcomes over the past few decades, there is an increasing importance on datadriven surgical decision making.
Until relatively recently, we have lacked the sophisticated tools and technology to comprehensively study and understand the complexity of nasal anatomy and physiology in the context of surgical interventions. Medical imaging has facilitated our understanding of both normal and abnormal sinonasal anatomy. However, on its own, imaging does not provide us with information about function, arguably the most important factor in patients with nasal airway obstruction. Objective data on nasal function can now be generated through modeling tools that allow us to experiment and test hypotheses that would otherwise be difficult to study in vivo, owing to either ethical or technical limitations.
The article published by Lee et al 1 is one of several publications that have applied computational fluid dynamics (CFD) in the nasal airway, specifically using this technology to study the potential aerodynamic effects of various surgical interventions. [2] [3] [4] [5] In this study, the authors investigated the impact of virtual inferior turbinate reduction at various locations along the length of the inferior turbinate using CFD. Traditionally, the anterior one-third of the turbinate has been thought to contribute the greatest amount of airflow resistance and has been the focus of procedures designed to reduce the overall size of the inferior turbinate. However, as the authors point out, there is little objective data and lack of consensus about the extent and location of turbinate resection needed to achieve the best functional outcome for patients. The results of this small pilot study suggest that there is variability in the segment of the inferior turbinate with the greatest effect on nasal resistance and airflow, suggesting that a tailored approach must be taken based on individual patient anatomy. Their findings challenge the traditional thinking that the anterior onethird of the inferior turbinate should typically be the primary target for reduction procedures to improve nasal airflow. Although the study by Lee et al 1 focused on inferior turbinate reduction alone, it is one example of how modeling technology can be used to investigate surgical dogma and potentially challenge (or confirm) the prevailing theories that ground our current clinical practice patterns in functional nasal surgery. Other concepts, such as the impact of mucosal cooling on the perception of nasal airflow have also been studied through CFD studies and may provide additional data to help support or refute surgical techniques.
5
There is no question that we must continue to strive to study our surgical techniques in an objective, data-driven manner. Modeling and simulation technologies are helping generate objective functional nasal airway data and also have promise as predictive tools for nasal surgery.
6,7 However, in isolation, the objective information generated through experimental computer models cannot be fully assessed without understanding its correlation with patientreported outcomes-arguably one of the most important determinants of surgical success. Evidence-based surgery needs to be multidimensional, relying not only on patientreported outcome measures, but also experimental data derived through basic science or computer modeling, as well as traditional clinical research studies. Surgical decision making based on this comprehensive foundation of data will help us achieve the best outcomes for our patients. 
